Digital mammography systems allow manipulation of fine differences in image contrast by means of image processing algorithms. Different display algorithms have advantages and disadvantages for the specific tasks required in breast imaging--diagnosis and screening. Manual intensity windowing can produce digital mammograms very similar to standard screen-film mammograms but is limited by its operator dependence. Histogram-based intensity windowing improves the conspicuity of the lesion edge, but there is loss of detail outside the dense parts of the image. Mixture-model intensity windowing enhances the visibility of lesion borders against the fatty background, but the mixed parenchymal densities abutting the lesion may be lost. Contrast-limited adaptive histogram equalization can also provide subtle edge information but might degrade performance in the screening setting by enhancing the visibility of nuisance information. Unsharp masking enhances the sharpness of the borders of mass lesions, but this algorithm may make even an indistinct mass appear more circumscribed. Peripheral equalization displays lesion details well and preserves the peripheral information in the surrounding breast, but there may be flattening of image contrast in the nonperipheral portions of the image. Trex processing allows visualization of both lesion detail and breast edge information but reduces image contrast.
Introduction
The effectiveness of digital mammography in detection of breast cancer is currently under investigation. This imaging modality separates image acquisition and image display, thus allowing optimization of both.
In screen-film mammography, film serves as the medium for both image acquisition and display. Screen-film mammography has limited detection capability for low-contrast lesions in dense breasts. This limitation poses a problem for the estimated 40% of women with dense breasts who undergo mammography (1) . In this population, diagnosis often requires additional imaging, which results in more radiation exposure for the patient. When additional images fail to provide useful diagnostic information, a decision must be made as to whether the suspicious regions require biopsy or short-or long-term follow-up. Because of the expense and risk associated with additional radiation exposure and surgery, any method of image presentation that increases the diagnostic conspicuity of lesions in breast tissue, especially in dense tissue, would be a significant advance.
Digital mammography systems, unlike screenfilm mammography systems, allow manipulation of fine differences in image contrast by means of image processing algorithms. As a result, very subtle differences between abnormal and normal but dense tissue can be made more obvious. In this article, we illustrate the appearances produced by various image processing algorithms for display of digital mammograms and discuss how these algorithms may affect the ability of radiologists to interpret the images.
Selected Mammographic Lesions
The four cases used in this article to demonstrate the image processing algorithms were selected to show the range of types of mammographic lesions and the potential advantages and disadvantages of the different display algorithms. All of the digital mammograms shown in this article were acquired under research protocols approved by the investigational review boards at the involved institutions.
The first case involves a partially obscured and partially circumscribed mass at screen-film mammography (Fig 1a) , which proved to be a simple cyst at ultrasonography and needle aspiration. A digital mammogram of this case was acquired at the University of North Carolina, Chapel Hill, with a SenoScan full-field digital mammography unit (Fischer Imaging, Denver, Colo).
The second case involves two indistinct masses at screen-film mammography (Fig 2a,  2b) . Both masses proved to be infiltrating ductal carcinomas with accompanying ductal carcinoma in situ at open surgical biopsy with needle localization. A digital mammogram of this case was acquired at Massachusetts General Hospital, Boston, with a Senographe 2000D full-field digital mammography system (GE Medical Systems, Milwaukee, Wis).
The third case involves a palpable, spiculated mass at screen-film mammography (Fig 3a, 3b) , which proved to be an infiltrating ductal carcinoma with associated cribriform and solid-type ductal carcinoma in situ at open surgical biopsy. A digital mammogram of this case was acquired at the University of North Carolina with the Fischer Imaging unit.
The fourth case involves a pleomorphic cluster of calcifications at screen-film mammography (Fig 4a) , which proved to be atrophic breast tissue at stereotactically guided core biopsy. A digital mammogram of this case was acquired at the University of Virginia, Charlottesville, with a Trex Digital Mammography System (Trex Medical, Danbury, Conn).
Overview of the Digital Mammography Systems
The Fischer Imaging unit produces images with a spatial resolution of 54 mm/pixel and a matrix size of 3,072 ´ 4,800 pixels. The GE Medical Systems unit produces images with a spatial resolution of 100 mm/pixel and a matrix size of 1,800 2 ,304 pixels. The Trex Medical unit produces images with a spatial resolution of 41 mm/pixel and a matrix size of 4,800 ´ 6,400 pixels. The smaller 
Image Processing Algorithms
Each manufacturer has developed image processing algorithms to use with its acquisition system. In addition, a number of algorithms have been developed by independent investigators for use with digital mammograms. The seven algorithms demonstrated in this article are manual intensity windowing (MIW), histogram-based intensity windowing (HIW), mixture-model intensity windowing (MMIW), contrast-limited adaptive histogram equalization (CLAHE), unsharp masking, peripheral equalization, and Trex processing. Intensity windowing algorithms act on individual pixels within an image. A small portion of the full intensity range of an image is selected and then remapped to the full intensity range of the display device. This process allows selection of specific intensity values of interest. For example, intensity values that represent abnormal tissue and dense but normal tissue are selected to allow exaggeration of small differences in intensity values between the two objects, thus potentially increasing the conspicuity of any abnormal regions. The three versions of intensity windowing demonstrated in this article are MIW, HIW, and MMIW. These algorithms differ in how intensity values of interest are selected.
Manual Intensity Windowing
MIW was performed by an expert mammography technologist, who interactively adjusted the contrast levels as appropriate for each image using a high-brightness monitor (model 1654; Orwin Associates, Amityville, NY) and an UltraSPARC 2200 workstation (Sun Microsystems, Mountain View, Calif). The goal of this algorithm is to manually reproduce the appearance of a screenfilm mammogram.
Digital mammograms processed with MIW can be very similar to standard screen-film mammograms of the same patients (Figs 1b, 2c, 4b). In the second case, the center of the larger mass is very light on the image processed with MIW (Fig 2c) . This appearance is due to the technologist's selection of a window that allowed visualization of both lesions in the image. Both lesions were obvious to her trained eyes. To keep the smaller lesion from appearing less obvious or even disappearing completely, she windowed the larger lesion so that it was slightly lighter than ideal.
This case points out the obvious limitation of this interactive windowing algorithm: It is operator dependent. A less experienced operator might choose different windows that could obscure some of the visible disease.
Histogram-based Intensity Windowing
HIW is a variant of intensity windowing. Intensity windowing allows a selected subrange of the image intensity values to receive the full contrast of the display device. All parts of the image with values outside the selected intensity window range are set to black (values below the minimum value of the intensity window range) or white (values above the maximum value of the intensity window range). HIW customizes standard intensity windowing by individually selecting the intensity window range for each image by statistically analyzing the histogram of each image, locating the "humps" or modes of the histogram, and determining which modes represent the different breast tissue types (fatty, dense, muscle) or other parts of the image (background, labels). From these known modes in the histogram, an u intensity window range is automatically selected on the basis of the percentile position within the composite breast tissue class (ie, fatty, dense, and muscle) that allows windowing over the overall breast tissue present in that patient (Fig 5) .
For example, if the patient's breast is mainly fatty, the window selected will allow the full range of contrast across the part of the histogram representing the fatty portions of the breast. If the breast is mixed fatty and dense, the window will be selected on the basis of the portions of the histogram that represent those areas. In theory, this process should improve the detection of mammographic features in comparison with fixed intensity windowing, which cannot adapt to individual images. The adaptability of HIW to individual breast types makes it especially appropriate for digital mammograms because the breast tissue is always imaged with reasonable contrast, but the range of digital values containing the breast tissue can vary significantly depending on the acquisition parameters.
This automated windowing algorithm was used in the first and fourth cases (Figs 1c, 4c ). In the case of the cyst, note the improved conspicuity of the lesion edge in the digital mammogram (Fig  1c) compared with that in the screen-film mammogram (Fig 1a) . Part of the difference in the visibility of the lesion border and the accompanying benign calcifications is attributable to differences in positioning and compression. There is some loss of detail outside the dense parts of the HIWprocessed image (Fig 1c) when compared with the screen-film image (Fig 1a) and the digital mammograms processed with other algorithms. This loss of detail might detract from use of this algorithm for screening.
Mixture-Model Intensity Windowing
MMIW provides region-specific intensity window settings for mammograms. It operates by automatically identifying the five major regions in a mammogram: background, uncompressed fat, compressed fat, dense tissue, and muscle. It identifies these regions using a combination of geometric (ie, gradient magnitude ridge traversal) and statistical (ie, Gaussian mixture modeling) techniques. Once these regions have been identified, their histograms can be selectively analyzed to determine region-specific intensity window settings. In our selected cases, MMIW was used to determine intensity window settings specific to the dense regions in the mammogram (3).
The specific steps performed during MMIW are as follows: First, the major regions of a mammogram are labeled (Fig 6a) . Since mammograms are formed by means of projection, these region labels reflect the prominent tissue present at that location, not the absolute quantities of the multiple tissues that affected x-ray absorption at each point. Second, the regions are segmented and the image is automatically cropped to reduce the portion of background (Fig 6b) . With the regions identified, the intensity histogram of each region can be calculated. The mean and standard deviation of the intensities in each region are used to parameterize a sigmoidal intensity window function. These functions map recorded intensity to displayed intensity for each region (Fig  6c) . Application of the dense region-specific intensity window function to the entire image produces the final processed image (Fig 6d) . Each MMIW-processed image shown in this article was processed using its own MMIW-defined, dense region-specific intensity window function.
This algorithm enhances the visibility of the lesion borders against the fatty background ( Figs  1d, 2d, 2e, 4d) . However, the mixed parenchymal densities that abut the lesion are lost in some cases. This effect is most dramatic at the edges of the mammogram (Fig 2d) . Clearly, if this type of statistical sampling of the image is used to determine an optimal intensity window, an additional algorithm that enhances the visibility of the periphery of the breast should be used to rescue information that is lost at the low-density subcutaneous regions of the breast. In this example, a 30%-100% range is chosen. Then, the output range of the display device is mapped to the selected intensity window range (the 30% location maps to black, the 100% location maps to white).
Both HIW and MMIW might be useful on a workstation. At the touch of a button, radiologists could request a processed digital mammogram that allows them to see through the densest portions of the breast. However, neither algorithm would probably be acceptable for display of screening mammograms because information in the peripheral and fatty areas of the breast is not visible when these algorithms are applied.
Contrast-limited Adaptive Histogram Equalization
CLAHE is a special class of adaptive histogram equalization. Adaptive histogram equalization maximizes the contrast throughout an image by adaptively enhancing the contrast of each pixel relative to its local neighborhood. This process produces improved contrast for all levels of contrast (small and large) in the original image. For adaptive histogram equalization to enhance local contrast, histograms are calculated for small regional areas of pixels, producing local histograms. These local histograms are then equalized or remapped from the often narrow range of intensity values indicative of a central pixel and its closest neighbors to the full range of intensity values available in the display. CLAHE limits the maximum contrast adjustment that can be made to any local histogram (Fig 7) . This limitation is useful so that the resulting image does not become too noisy. The size of the neighbor region is controlled by means of the region size parameter. Smaller regions can better enhance the contrast of smaller spatial scale structures. The CLAHE parameter settings (clip 4, region size 32 pixels squared) used in the sample digital mammograms shown in this article were selected on the basis of previous experiments (4) . After CLAHE was applied, MIW was used so that the contrast of the resulting image more closely approximated that of standard screen-film mammograms.
In digital mammograms processed with CLAHE, lesions appear obvious relative to the background and the image detail is very good (Figs 1e, 4e) . However, there is obvious graininess in the images. This graininess is due to the enhanced visibility of both image signal and image noise with this algorithm. Again, this algorithm might be helpful in allowing radiologists to see subtle edge information, such as spiculation. It might degrade performance in the screening setting by enhancing the visibility of nuisance information that could simulate calcifications.
Unsharp Masking
With unsharp masking, a low-pass filtered version of the original image is created and the image values that result are subsequently multiplied by a weighting factor and subtracted from the original image (5). The final image preserves much of the detail of the original image, but large structures are presented with less contrast, thereby reducing the dynamic range required to display the image. In preliminary experiments, we tested a variety of low-pass filters using kernel sizes of 2-33 mm 2 . In addition, a variety of weighting factors were tested. A boxcar filter with a window size of 16 mm 2 and a weighting factor of 0.8 was found to optimally compress dynamic range while preserving necessary structures in the breast and minimizing artifacts. A kernel size based on area was chosen so that comparison between manufacturers was possible despite differences in pixel size. The image data were then rescaled and an offset was added, as necessary, to approximately match the distribution of gray levels in the unprocessed and unsharp masked images (Fig 8) . MIW was then applied to the resultant image to adjust the contrast to levels more closely approximating those of standard screenfilm mammograms.
With unsharp masking, the sharpness of the borders of mass lesions is enhanced, as is the intended effect of this algorithm (Figs 1f, 2f, 3c,  3d, 4f) . The spiculations in the third case are especially evident (Fig 3c, 3d) . Of course, even an indistinct mass can appear more circumscribed when this algorithm is applied (Fig 2f) , obviously an undesirable outcome if this appearance were to lead to inappropriate patient follow-up instead of biopsy.
Peripheral Equalization
There are variations in the thickness of breast tissue under compression. The outer edges of the breast, which are thinner than the interior, are typically overpenetrated by x rays at image acquisition. Although a digital acquisition system should have adequate dynamic range to record this information precisely, the limited latitude of the laser film necessitates a compromise in image display. If the central parenchyma is presented with high contrast, then the peripheral tissue will appear very black on the film and may be difficult to distinguish visibly from the black film background (Fig 9) . Peripheral equalization enhances visualization of tissue located near the periphery of the breast (6,7). In peripheral equalization, a low-pass spatial filter is applied to the image to create a blurred "mask" that represents primarily the coarsest variations in signal, which are related to variations in breast thickness. This mask is scaled from 0 to 1, and the mammogram is divided by means of the mask values on a pixel-by-pixel basis (Figs 10a, 10b, 11) . The algorithm is constrained to act only on pixels that lie within the breast and where the breast thickness is changing. There are also constraints placed on the total amount of enhancement to avoid disturbing artifacts at the skin line. The result is that the digital values of pixels located near the periphery are changed so that the absolute intensities of the image become "flatter" across the mammogram.
The local contrasts between pixels located near each other, which represent compositional variations in tissue, are not suppressed. In fact, because the part of the dynamic range of the film required to represent thickness changes is no longer required, it is now possible to increase the overall contrast of the image if desired. For the images shown in this article, after peripheral equalization was applied, MIW was used to adjust the resultant image contrast.
Details of both masses and calcifications are well depicted in images processed with peripheral equalization (Figs 1g, 4g ). In addition, the peripheral information in the surrounding breast is preserved (Fig 1g) . This algorithm might be effective in the screening setting because it preserves image features in all breast locations. However, there does appear to be some flattening of image contrast in the nonperipheral portions of mammograms when this algorithm is applied. 
Trex Processing
Trex processing was developed by Trex Medical for use with the Trex Digital Mammography System. This method uses a form of histogrambased unsharp masking.
The algorithm allows visualization of both lesion detail and breast edge information (Fig 4h,  4i) . However, there is some reduction of image contrast, which is evident when a Trex-processed version is compared with other processed versions of the same image.
Conclusions
It is obvious from the images shown in this article that different digital image processing algorithms are likely to be useful for different tasks. Characterization of lesions and screening will most probably require a uniquely adapted image processing algorithm to provide the best presentation for visualization of different image features. In addition, different types of lesions, masses, and calcifications might benefit from specifically tailored algorithms. Such tailoring will not be easily achieved unless the current method of displaying mammograms on film is replaced by a softcopy display system.
Given the added costs, the efficacy of digital mammography will ultimately depend on improved diagnostic accuracy over that of conventional screen-film mammography. Development and assessment of image processing methods that allow detection and characterization of individual lesion types will be instrumental in the acceptance of this new technology.
